Many splicing factors i n vertebrate nuclei belong to a class of evolutionarily conserved proteins containing argininekerine (RS) or serine/arginine (SR) domains. Previously, we demonstrated the existence of SR splicing factors in plants.
INTRODUCTION
Only a few metazoan splicing factors are well characterized. Among them is a superfamily of transacting protein factors containing argininekerine (RS)-rich or serine/arginine (SR)-rich domains and often an RNA recognition motif (RRM) (Birney et al., 1993; Fu, 1995) . Members of this family of RS-rich splicing factors have been characterized mainly in mammals and Drosophila. They have been shown to modulate alternative splicing pathways in a tissue-specific or developmentally regulated manner (Baker, 1989; Ge and Manley, 1990; Krainer et al., 1990; Maniatis, 1991; Fu et al., 1992; Kim et al., 1992; Sun et al., 1993; Zahler et al., 1993; Caceres et al., 1994) . Thevarious RS domains that have been detected in a variety of animal splicing factors most likely have multiple roles, including promotion of protein-protein interactions, modulation of RNA binding, and subnuclear localization (Li and Bingham, 1991; Wu and Maniatis, 1993; Amrein et al., 1994; Kohtzet al., 1994) .
A specific subset of protein splicing factors containing RS domains has been isolated based on the proteins' insolubility in magnesium ion-containing buffers. These proteins share a common epitope that contains a phosphorylated serine residue and is recognized by the monoclonal antibody mAbl04 (Roth et al., 1990; Zahler et al., 1992) . Because their RS domains are composed mainly of simple SR repeats, they were
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termed SR proteins. The SR proteins comprise a family of evolutionarily highly conserved nuclear proteins and include essential splicing factors, such as SFPIASF and SC35, which are required for early spliceosome assembly and 5'splice site selection Maniatis, 1990,1992; Ge and Manley, 1990; Krainer et al., 1990; Fu et al., 1992; Mayedaand Krainer, 1992) . Splicing-deficient extracts that lack SR proteins can be complemented by any of the SR proteins, but each SR protein has a distinct influence on alternative splicing (Krainer et al., 1990; Fu et al., 1992; Fu, 1993) .
Only recently have members of this important group of splicing factors been charagerized in plants. Plant SR protein preparations isolated by the magnesium ion precipitation technique have been shown to cross-react with human antibodies raised against the phosphoserine epitope (mAbl04) and hSF2/ASF (Lopato et al., 1996) . Furthermore, this protein preparation was able to complement a HeLa cell S100 extract, which is deficient in SR proteins. This property and its activity in an alternative splicing assay have demonstrated that this plant protein preparation contains authentic SR-like splicing factors. In this study, because species specificity was suggested by the fact that stimulation of splicing of plant pre-mRNAs with plant SR proteins is more efficient than with animal SR proteins (and vice versa), we were interested in isolating some of these important splicing proteins.
Our knowledge of splicing in plants is not very advanced as a result of the lack of an in vitro splicing system. Because plants contain all five spliceosomal small nuclear RNAs that are highly homologous to their mammalian counterparts, it is generally assumed that the basic mechanism of splicing in plants is similar to that in yeast and mammals (Solymosy and Pollak, 1993; Filipowicz et al., 1995) . Nevertheless, in general, plants cannot process introns of animal origin properly, whereas animal cells or HeLa cell in vitro splicing systems recognize plant introns correctly, thus arguing for specific sequences for intron recognition in plants Brown et al., 1986; Hartmuth and Barta, 1986; Van Santen and Spritz, 1987) . However, in vivo experiments have shown that there are no substantial sequence or structural differences between the intron boundaries of animals and plants (Waigmann and Barta, 1992) . Plant introns show a pronounced elevation of AU content compared with their respective exons (Wiebauer et al., 1988) and lack the characteristic pyrimidine track found near 3'splice sites in mammals (Goodall and Filipowicz, 1989) . Because several experiments have indicated that AU-or U-rich sequences are beneficia1 for splicing in plants McCullough et al., 1993; Simpson and Brown, 1993; , there seems to be a difference in the intron recognition process in both kingdoms. We concentrated on this important group of splicing factors in plants because SR proteins seem to play acrucial role in splice site selection.
Relatively few approaches are feasible to identify splicing factors in higher plants. The genetic approach used in yeast cannot be applied to higher eukaryotes. Furthermore, biochemical approaches are not practical within plants because no in vitro splicing system is available. One successful approach has been to use antibodies raised against vertebrate or yeast splicing components (Simpson et al., 1991 (Simpson et al., , 1995 Kulesza et al., 1993; Lopato et al., 1996) . The availability of partially sequenced expressed sequence tag (EST) cDNA clones from
Arabidopsis libraries now provides a new way to identify plant splicing factors by sequence homology to known splicing factors from other genera.
In this study, we present a novel RS-type plant splicing factor from Arabidopsis, designated atRSp31. A cDNA clone found in the Arabidopsis EST data base by sequence homology to the N-terminal RRM domain of human SF2/ASF was completely sequenced, and its product was identified as a new type of RS protein. Sequence analysis revealed a putative protein with a molecular mass of 31 kD with high homology to the RRM region of human SR proteins and modular domains characteristic of RS-rich splicing factor. The central domain of atRSp3l has no homology to any other known protein, whereas the RS region consists of 10 regular and almost identical repeats
have not yet been found in any other known splicing factor. We sequenced two other somewhat larger EST cDNAs that are highly homologous to the atRSp31 cDNA, which suggests that we have characterized a novel type of RS domain splicing factor. The mRNA pattern of the three genes shows differential and tissue-specific expression. Furthermore, we show that the recombinant protein, atRSp31, is able to complement a splicing-deficient HeLa cell 3 0 0 extract, indicating that this plant protein is an essential splicing factor.
RESULTS

atRSp3l cDNA Encodes an RS-Rich Protein with a Nove1 Repeated Structure
A data base search in the Arabidopsis EST library for homology to the RNA binding domain of human SF2IASF revealed a cDNA clone whose partia1 sequence displayed significant homology to the characteristic submotifs termed RNP-1 and RNP-2 of the RNA binding region, including a unique peptide, RDAEDA, which is diagnostic of several important splicing factors (Birney et al., 1993) . The cDNA clone was sequenced to completion, and a 31-kD protein of 264 amino acids was deduced ( Figure 1) .
A FASTA computer search (Pearson and Lipman, 1988) for similar sequences in the data base revealed the best homology to human SRp55, SFPIASF, SC35, 9G8, and SRp75 and to an SR protein from Arabidopsis termed SRl (Lazar et al., 1995) . The similarities varied between 45 and 5O0/o, and the homology was most pronounced in the RRM region, including the highly conserved RDAEDA region (Figure 2 ). No glycine-or glycine-proline-rich motifs like those in SF2IASF and SC35 human splicing factors and no significant homology in the intermediate region could be detected. Specifically, a diagnostic SWQDLKD motif present in all SF2IASF-like and many SR proteins (but not in SC35) could not be detected in this region. The C-terminal part of the protein (RS domain) has a higher proportion of arginine than of serine residues, and instead of the multiple simple SR repeats, characteristic of most SR proteins known to date, a more complicated regular motif (Figure 3 ). This sequence is repeated 10 times in the RS domain of atRSp31; it shares no homology with arginine-rich repeats of the closely related human 9G8 and hSRp20 SR proteins or with any other splicing factor. No zinc knuckle motif characteristic of 9G8 was found in atRSp31. Therefore, atRSp31 appears to be a novel member of the RS protein family. There is a possibility that this repeat is specific to plant RS-rich proteins because our search through the data bases did not find it in any other protein.
Characterization of Two cDNAs Highly Related to atRSp3l
After the analysis of atRSp31, we found two additional cDNAs in our search of the Arabidopsis EST data base with the RRM region of atRSp31. The cDNAs, designated atRSp35 and
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atRSp41, were completely sequenced, and their putative protein sequences were compared with atRSp31. As shown in Figure 4 , the three protein sequences are highly homologous not only in the RRM region but also in the central region. 60th newly sequenced proteins also lack the simple SR repeats usually present in the C terminus of many SR proteins. The characteristic eight-amino acid repeats of atRSp31 are only infrequently present, but remarkably, as in atRSp31, most of the serines are followed by a proline, giving rise to a specific SP dipeptide pattern in this group of proteins ( Figures 1 and   4 ). AtRSp35 and atRSp41 are both larger because of an extension of the RS region, and this C-terminal part of the proteins is again highly homologous. The high homology of all three atRS proteins argues for gene duplication events during the evolution of this gene family. DNA gel blot analysis showed that there is only one copy per haploid genome for the genes of the three proteins (data not shown).
Functional Assay of Recombinant atRSp31
A biochemical complementation assay is available to measure biological activities of SR proteins. A HeLa cell cytosolic S100 extract contains ali of the other required splicing factors and needs only one SR protein to support general splicing. Previously, we showed that SR proteins isolated by magnesium precipitation from tobacco and carrot tissue culture cells are able to complement a heterologous HeLa cell 3 0 0 extract (Lopato et al., 1996) .
Using the same procedure, we have now isolated SR proteins from Arabidopsis whole plants and used them to demonstrate that this protein mixture contains SR proteins that are able to complement a HeLa cell SlOO extract in a concentration-dependent manner ( Figure 5 ). To check whether recombinant atRSp31, which has quite different features from ali known SR proteins, is able to complement HeLa S100 extracts, the protein was expressed in bacteria. We observed complementation of the HeLa S100 extract with 0.09 pg of recombinant atRSp31, comparable to complementation with 0.065 pg of recombinant human SF2/ASF under the same reaction conditions, except that in the first case an additional4 mM guanidine-HCI was present ( Figure 5 ). lnhibition of splicing at higher concentrations of atRSp31 is due to an increased quantity of the protein solubilization agent in the splicing reaction; this agent is known to inhibit the splicing reaction at higher concentrations (data not shown). We have not observed complementation of splicing when atRSp31 was added in an insoluble form. The ability of solubilized atRSp31 to complement the HeLa S100 extract shows that it is indeed a true plant splicing factor that shares a good functional homology to other SR splicing factors. In this respect, it is interesting that the only other SR splicing factor from plants characterized to date, SR1 from Arabidopsis, was reported not to be able to complement HeLa cell S100 extracts, although it could influence 5' selection in an alternative splicing assay (Lazar et al., 1995) .
RNA Distribution Analysis
Because splicing factors containing RS or SR domains are often involved in alternative splicing, it is likely that their expression is tissue specific or developmentally regulated. RNA gel blot analysis of poly(A)+ RNA from different tissues (Figure 6 ; leaves, stems, roots, and flowers), using cDNAs from atRSp31 ( Figure 6A ), atRSp35 (Figure 66) , and atRSp41 (Figure 6C) as probes, revealed differential expression of all three genes. Interestingly, mature atRSp31 mRNA (indicated by arrows) is mainly expressed in roots and flowers. A presumably alternatively spliced larger mRNA is visible in leaves, stems, and flowers but not in roots. Basically, the same expression pattern can be seen for atRSp35 as a slightly larger mRNA that is detectable in leaves and stems (Figure 66 ). In contrast, only mature mRNA and no form of pre-mRNA from the atRSp41 gene ( Figure 6C ) is present. In addition, the expression levels are generally higher in roots and flowers, which is most pronounced for atRSp41. The precise analyses of the expression patterns await further characterization of the alternatively spliced products. No positive hybridization signals were found in RNA isolated from cell cultures of tobacco (data not shown).
reactivity to human monoclonal antibodies and by complementation analyses (Lopato et al., 1996) .
We have used two approaches to clone specific plant SR proteins. One was the classical protein sequencinglpolymerase chain reactionlcloning approach, which led to the isolation of an SF2/ASF-like protein (S. Lopato, S. Dorner, and A. Barta, unpublished results); the other started with a computer search
DISCUSSION
Our previous experiments have indicated that plants possess a variety of SR-like proteins (Lopato et al., 1996) . SR proteins are a subfamily of RS domain-containing nuclear proteins and are characterized by their ability to precipitate in buffer containing high levels of magnesium Fu, 1995) .
They consist of one or two RRM domains at their N terminus and an RS domain at their C terminus, with a high proportion of simple SR repeats; therefore, they are called SR proteins.
In addition, they share a common serine phosphoepitope recognized by the specific monoclonal antibody mAbl04. We have isolated SR proteins from various plants based on their characteristic insolubility in buffers with high concentrations of magnesium ions and characterized them based on their cross- Black regions indicate the positions at which a single residue occurs in more than half of the sequences. Shaded residues represent conservative substitutions. To obtain optimal alignment, gaps were introduced and are indicated as dots. atRSp35 and atRSp41 have EMBL accession numbers X99437 and X99436, respectively. for homology to the highly conserved N-terminal RRM of human SR splicing factors in data bases containing partially sequenced EST cDNAs from Arabidopsis. In this work, we describe the characterization of one of these EST clones that codes for a novel member of the RS domain protein family. The deduced amino acid sequence from the cDNA identified a 31-kD protein with one RRM domain and an RS region containing a significantly higher proportion of arginines than of serines. Therefore, this protein was designated atRSp31. The subsequent analysis of two highly related cDNAs revealed a new family of arginine-rich splicing factors that have not yet been discovered in an animal or yeast system.
Comparison of atRSp31 with Other SR Factors
Alignment of the N-terminal half of various SR proteins with atRSp31 showed that the RRMs of these proteins are highly related in the RNP-1 and RNP-2 submotifs followed by a very conserved FEDERDEADA sequence (Figure 2 ). This high homology is probably the reason atRSp31 cross-reacts with a variety of antibodies that are able to recognize an epitope in the RNA binding domain of human SR proteins (data not shown).
There is a class of SR proteins that possesses an atypical RRM with a unique signature SWQDLKD located just downstream from the N-terminal RRM (Screaton et al., 1995) . Of the human SR proteins, SC35, SRp20, and 9G8 lack this central RRM (Figure 2 as in SF2/ASF or SC35, and no putative zinc knuckle, as proposed for 9G8 (Cavaloc et al., 1994) . A computer search through the data bases did not identify a protein with a region similar to the central region of atRSp31. Interestingly, the two subsequently sequenced cDNAs from the Arabidopsis EST data base, selected by their similarity in the N-terminal RRM, show a high identity to atRSp31 in the central domain and yet are somewhat different in the RS region (Figure 4) . Thus, there is a family of closely related proteins with the N-terminal RRM very similar to all of the other SR proteins but with a hitherto unknown central domain, which might give a different but yet undefined functional property to these proteins. The significance of this region in the splicing process remains to be determined. Tobacco DNA showed weak cross-hybridization with atRSp31, but an animal equivalent to this protein family could not be determined by computer searches or in experiments using degenerate primers for polymerase chain reactions on human DNA (data not shown). Therefore, it seems likely that this family of splicing factors is specific for plants.
The C-terminal sequence of many SR proteins contains simple SR repeats of various lengths (Screaton et al., 1995) . The RS domain of atRSp31 has a very unusual repeat structure compared with other RS proteins. Strikingly, these eight-amino acid repeats possess a tyrosine as a second amino acid and two to three arginines in the middle; they terminate, with the exception of repeat eight, in an SP (serine/proline) sequence (Figures 1 and 3) . These eight repetitions create a regular alternation of basic and nonbasic repeats, which might be the basis for specific properties of this RS domain. AtRSp31 has a high proportion of arginines compared with serines (41 to 20), but most of the serines in the RS domain are followed by a proline; thus, atRSp31 lacks the simple SR motif found in many other SR proteins. Therefore, atRSp31 may lack the typical SR phosphoepitope and may not be recognized by mAb104, a monoclonal antibody specific for the phosphorylated serine in SR proteins. Overexpression of atRSp31 in plants will clarify this issue. Both atRSp35 and atRSp41 have the same frequency of SP dipeptide sequences, although they do not possess the eight-amino acid repeat characteristic of atRSp31 (Figure 4) . SP repeats do not occur frequently in other SR proteins from human and Drosophila but interestingly are found in an SF2/ASF-like protein identified from Arabidopsis, designated atSR1 (Lazar et al., 1995) . Although atSRl contains the usual simple SR repeats, additional SP repeats occur 10 times in the C-terminal part of the protein. Therefore, all of the four plant non-small nuclear RNP splicing factors sequenced to date (atSRl and the three proteins described in this article) have the SP repeats in their C-terminal RS region. There is a possibility that this repeat is plant specific and contributes to a structure important for factor interaction or that it might be a signal for a specific plant kinase.
SR proteins are phosphoproteins, and there are indications that phosphorylation-dephosphorylation cycles may influence their activity in general and alternative splicing (Mermoud et al., 1992 (Mermoud et al., , 1994 Tazi et al., 1992 Tazi et al., , 1993 Cardinali et al., 1994) . Two kinases have been described to be specific for SR proteins. One has been identified based on its activity in relocalization of splicing factors during the cell cycle (Gui et al., 1994a (Gui et al., , 1994b and is called SRPK1 (for SR protein-specific kinase). The second is called CLK/STY (for mammalian kinase with specifity for serine/threonine and tyrosine), and it too contains an SR-like domain that appears to be important for mediating specific substrate recognition (Colwill et al., 1996) . If atRSp31 is phoshorylated, then which of the kinases might specifically phosphorylate this special type of SP repeat?
Splicing Activity of atRSp31
SR proteins seem to have overlapping but distinct functions in splicing (Fu, 1995) . SR proteins are essential for commitment to spliceosome formation, splice site selection, assembly of the U4/U6/U5 triple small nuclear RNP into the spliceosome, and function in stabilizing U2/U6 interaction (Roscigno and Garcia-Blanco, 1995; Tarn and Steitz, 1995) . Cytoplasmic S100 extracts that lack SR proteins but contain all of the other factors essential for splicing can be complemented in a concentrationdependent manner with SR proteins (Krainer et al., 1990; Zahler et al., 1993) . However, individual SR proteins can each complement this splicing-deficient extract, suggesting that SR proteins have redundant functions in splicing, at least in vitro. But other experiments have shown that individual SR proteins affect splice site selection with different efficiency and with distinct mechanisms Zahler et al., 1993) . The observation that monoclonal antibodies raised against specific SR proteins deplete most other SR proteins during immunoprecipitation, along with the findings that SR proteins interact with each other, suggests that SR proteins may be involved in complex network interactions (Fu et al., 1992; Cavaloc et al., 1994) . Thus, although the SR factors might have distinct functions in vivo, they seem to be able to substitute for each other in vitro under excess conditions.
We have shown that SR proteins from carrot, tobacco (Lopato et al., 1996) , and Arabidopsis (this study) are able to comple-ment SR-deficient HeLa cell SlOO extract, which indicates that these plant proteins can interact with splicing factors of human origin. However, it was surprising that atRSp31, which has good homology only in the RRM region to known animal splicing factors, could also complement HeLa cell S100 extract efficiently at certain concentrations. It remains to be determined whether the highly related recombinant proteins atRSp35 and atRSp41 are active in this splicing assay. Currently, we do not have the final proof that atRSp31 is a phosphoprotein and present in the magnesium pellet of the SR preparation, but our results indicate that this individual plant protein is able to substitute for many essential human SR proteins in this in vitro splicing assay. This is particularly interesting because we do not yet know whether a human homolog to atRSp3l exists. Our results indicate that atRSp31 plays a general role in splicing, which is likely to be similar to that of the other SR factors. Furthermore, they suggest that the RS part of atRSp31 probably contains all of the important structural features of SR factors necessary to interact with limiting but detectable amounts of human SR factors in SlOO extracts and in a concentration-dependent manner restore the function of human SR proteins.
RS domain-containing splicing factors from human cells and Drosophila have been identified in searches for regulators of alternative splicing events. Examples include the identification of Tra, Tra-2, and SWAP in Drosophila(6oggs et al., 1987; Chou et al., 1987; Amrein et al., 1988; Goralski et al., 1989) and SFZIASF in mammalian cells (Ge and Manley, 1990) . Subsequently, most SR proteins were shown to alter 5'splice site selection in vitro and some of them also in vivo, suggesting their involvement in constitutive as well as alternative splicing. The plant protein atRSp31 characterized in this study is shown to be important for constitutive splicing. The isolation of the two closely related proteins, atRSp35 and atRSp41, led us to suspect that this newly discovered family of splicing factors might be important in regulating alternative splicing events in plants. In fact, the expression pattern of atRSp31 and atRSp35 with the appearance of mature mRNAs only in roots and flowers, whereas leaves and stems produce differentially spliced mRNAs, points to post-transcriptional regulation events involving alternative splicing. Consequently, these differentially expressed splicing factors might regulate the splicing of tissuespecific genes. The characterization of the alternatively spliced mRNAs and a thorough analysis of the developmental regulation of gene expression of this splicing factor family should indicate whether these splicing factors regulate alternative splicing in plants.
METHODS
Cultivation of Plants
Arabidopsis thaliana seeds (ecotype Columbia) were surface sterilized for 1 min in 70% ethanol, transferred to 10% NaOCl for 15 min, rinsed three times with sterile water, and germinated in plastic vessels containing cultivation medium (Murashige and Skoog salts and vitamins [Sigma] , 10 glL sucrose, 0.5 glL 2-(N-morpholino)ethanesulfonic acidlKOH, pH 5.7,O.8% Difco Bacto agar). Plants were grown at 23OC in a 16-hr-lightl8-hr-dark cycle.
Cloning and Sequence Analysis
A computer search through the data bases for sequences homologous to the RNA recognition motif (RRM) region of splicing factors (Birney et al., 1993 ) revealed a partially (364 bp) sequenced expressed sequence tag (EST) cDNA clone from Arabidopsis (GenBank accession number T14106), now termed atRSp31, with homology to the human SFUASF and SRp55 splicing factors. Later, two other EST clones (GenBank accession numbers T20696 and T45156) were identified by using a similar search and were designated atRSp35 and atRSp41, respectively. The EST clones were kindly provided by the Arabidopsis Biological Resource Center (Ohio State University, Columbus). Sequence homology was analyzed using a Genetics Computer Group (Madison, WI) sequence analysis software package. The cDNA clones originated from an Arabidopsis ecotype Columbia library derived from equal quantities of four pools of mRNA. The mRNA sources were (1) etiolated seedlings germinated for 7 days; (2) tissue culture-grown roots; (3) rosette leaves of staged plants, half on a 24-hr light cycle and half on 16-hr-light/8-hr-dark-cycle; and (4) the same plants as given in (3) but using aerial tissue (stems, flowers, and siliques). The cDNA inserts were directionally cloned with Sall-Notl arms by using oligo(dT)-primed cDNA in h Zip-Lox (Bethesda Research Laboratories) vector.
The sequences of the cDNAs were determined on both strands by using an A.L.F. DNA Sequencer version 2.5 (Pharmacia) and were analyzed by using the Genetics Computer Group software package.
Total RNA lsolation and Gel Blot Analysis lsolation of total RNA from Arabidopsis leaves and stems, roots, and flowers was performed by using the hot phenol method (Pawlowski et al., 1994) . Poly(A)+ RNA was isolated using the Oligotex buffer set (Qiagen), according to the manufacturer's protocol. RNA gel blotting to a Quiabrane nylon membrane (Qiagen, Hilden, Germany) and washing of the membrane were performed according to Sambrook et al. (1989) . Radioactive cDNAs were prepared with the random primer kit (Boehringer Mannheim). RNA markers were from Promega (G3191).
Purification of the Recombinant Protein
The recombinant protein was prepared from Escherichia coli XL1-Blue (Stratagene, La Jolla, CA) transformed with plasmid pZLl (Gibco BRL) carrying the atRSp31 cDNA. Cultures were grown to an ODmo of 0.5 and induced with isopropyl P-o-thiogalactopyranosid Se (U.S. Biochemical) at a final concentration of 0.4 mM. The culture was left to grow an additional 3 hr before harvesting. The bacterial pellet was ground in liquid nitrogen, extracted with buffer for SR protein isolation (Roth et al., 1991) , and precipitated for 5 min at 14,000 rpm in an Eppendorf centrifuge. The pellet was dissolved in Laemmli sample buffer and separated on a 12.5% preparative SDS-polyacrylamide gel, transferred to Immobilon-P transfer membrane (Millipore, Bedford, MA), stained for 1 min with Coomassie Brilliant Blue R 250 in 50% methano1 and 10% acetic acid, and washed with the same mix of ethanol and acetic acid. The band of interest was cut out and eluted with 6 M guanidine chloride in buffer A (20 mM Tris-HCI, pH 8.0, 0.1 M NaCI, 0.5 mM DTT, 0.2 mM EDTA, 1 mM phenylmethylsulfonyl fluoride), with the mix of buffer Almethanol (1:l) at 4OoC, and once more with the same mix at 50OC. AI1 of the washing solutions were mixed and dialyzed overnight against buffer A. The dialysate was centrifuged for 10 min at 4OC in an Eppendorf (Hamburg, Germany) centrifuge. The pellet was dissolved in 5 pL of 6 M guanidine chloride in buffer A and left for 1 hr at room temperature. Five hundred microliters of buffer A containing 5% glycerol was added, and the protein was stored at -2OOC until it was used in splicing reactions.
Preparation of 32P-Labeled Pre-mRNA
One intron along with flanking exon sequences of the legumin gene of pea that was cloned behind the phage SP6 promoter (Brown et al., 1986) was used for in vitro transcription. Capped 32P-labeled RNA transcripts were synthesized with the enzyme SP6 RNA polymerase (New England Biolabs, SchwalbachTTaunus, Germany) in 25-pL reactions containing 40 to 100 ng of linearized template DNA, 8 mM Tris-HCI, pH 7.5, 1.25 mM MgCI2, 0.4 mM spermidine, 10 mM DTT, 1 unit per ILL of RNasin, 0.1 pg/pL BSA, 650 pM each ATP, CTP, and GTP, 80 pM UTP, 400 pM bmethyl G(5')pppG, and 80 pCi of a-3*P-UTP (800 Cilmmol; Ou Pont-New England Nuclear). After 1 hr of incubation at 4OOC. template DNA was digested by the addition of 10 units of RNasefree DNase I from bovine pancreas and 30 units of RNasin (both enzymes were from Boehringer Mannheim) for 10 to 15 min at 37%. One microgram of tRNA, 70 I.IL of H20, and 30 pL of 8 M ammonium acetate were added, and RNA was precipitated with 250 pL of 96% ethanol for 1 hr at -20%. reprecipitated in aliquots, and stored at -20%.
In Vitro Splicing Reaction
The HeLa cell nuclear extract and Sl OO cytoplasmic fraction used for splicing reactions were prepared according to the protocol of Kramer and Keller (1990) . The splicing reaction contained 5% polyvinyl alcohol (Sigma; low molecular weight, type II), 4 mM ATP, pH 7.5, 16 mM creatine phosphate, 4 mM MgC12, 4 units per pL of RNasin, 50% nuclear extract or S l O O cytoplasmic fraction. and 105 Cerenkov cpm of 3zPPlabeled pre-mRNA. In some cases, 1 to 4 WL of SR proteins was added to the splicing mixture. Splicing was performed for 1 hr at 30°C. The reaction was terminated by incubation with 0.4 mg/mL proteinase K for 30 min at 37%. After phenol-chloroform extraction and precipitation with ethanol. the RNA was analyzed on 12.5% polyacrylamide gels containing 8 M urea.
